Tepidibacillus infernus sp. nov., a moderately thermophilic, selenate-and arsenate-respiring hydrolytic bacterium isolated from a gold mine, and emended description of the genus Tepidibacillus
A novel aerotolerant anaerobic, moderately thermophilic, organotrophic bacterium, strain MBL-TLP T , was isolated from a sample of microbial mat, developed under the flow of subsurface water in TauTona gold mine, South Africa. Cells of the new isolate were flagellated, spore-forming rods, 0.25-0.5 µm in width and 3-15 µm in length. Strain MBL-TLP T grew in the temperature range from 25 to 58 C, pH range from 5.6 to 8.8 and at NaCl concentration from 0 to 85 g l À1 . The isolate was able to ferment yeast extract and mono-, oligo-and polysaccharides, including starch and xanthan gum. The G+C content of the DNA was 35 mol%. Phylogenetic analysis of 16S rRNA gene sequences of strain MBL-TLP T and relatives showed its affiliation to the genus According to several estimations (Whitman et al., 1998; Kallmeyer et al., 2012) , the microbial subsurface biosphere represents 92-94 % of all living biomass on our planet. However, scientific knowledge of these micro-organisms remains very limited due to the difficulties in accessing these environments and our inability to isolate the indigenous microbiota through traditional cultivation techniques (Colwell & D'Hondt, 2013) . Molecular ecology studies of deep subsurface habitats have revealed the presence of micro-organisms of nearly all currently identified bacterial and archaeal phyla, both cultivated and uncultivated (candidate divisions) (Takai et al., 2001; Inagaki et al., 2003; Gihring et al., 2006) , and recent studies have suggested that Firmicutes and Proteobacteria are the predominant phyla in many subterranean communities (Itavaara et al., 2011; Blanco et al., 2014; Magnabosco et al., 2016) . Here we describe a novel species of phylum Firmicutes-Tepidibacillus infernus strain MBL-TLP T , isolated from a microbial mat sample of a 3540-m-deep layer of the TauTona gold mine, one of the deepest mines in the world. The bacterium was able to grow on mono-, oligo-and polysaccharides and reduce a variety of electron acceptors, including elemental sulfur, thiosulfate, nitrate, arsenate, selenite and selenate.
The GenBank/EMBL/DDJB accession number for the 16S rRNA gene sequence of strain MBL-TLP T is KU726543. (Lippman-Pipke et al., 2011) . One of the samples, MBL, consisted of a black microbial mat, proliferating under the flow of water dripping from subsurface rocks. The elevated pH (8.7) and temperature (42 C) and high reductive potential (ORP À140 mV) in the collected TauTona fracture water were typical of the deep subsurface of this area (Magnabosco et al., 2014) . For the enrichment and isolation of the novel strain, a modified version of the anaerobic Pfennig medium (pH 7.1) was used (Podosokorskaya et al., 2011) , containing starch (2 g l
À1
; Fluka) as the energy and carbon source, NaCl (15 g l À1 ) and yeast extract (0.05 g l À1 ; Helicon). The medium was prepared anaerobically under 100 % N 2 and supplemented with trace element solution (1 ml l
; Kevbrin & Zavarzin, 1992) , vitamin solution (1 ml l
; Wolin et al., 1963) and Na 2 SÁ9H 2 O (0.3 g l À1 ). Resazurin (1 mg l
) was used as a redox indicator. The medium (10 ml) was dispensed in 15 ml Hungate tubes, sterilized at 121 C for 40 min and inoculated with 0.2 ml of the above-mentioned sample and incubated at various temperatures (42, 52 or 60 C); the highest growth rate for the primary enrichment culture was observed at 52 C. Slightly curved rods dominating in the enrichment culture MBL were isolated using a serial dilutions approach, at 52 C, and designated as strain MBL-TLP T . The same medium was used for further growth experiments, unless otherwise stated.
Cells of isolate MBL-TLP
T were straight or slightly curved rods with an average length of 3-15 µm and a width of about 0.25-0.5 µm. At suboptimal conditions, cell length increased up to 50 µm. Rods occurred singly, in pairs or in chains of up to 14 cells. The cell wall was of Gram-positive type. Cells were motile and possessed a single flagellum (Fig. 1a) . In the stationary phase of growth, the formation of terminal spherical spores was observed (Fig. 1b) .
Strain MBL-TLP
T grew at temperatures from 25 to 58 С, at рН values from 5.6 to 8.8 and with 0-85 g NaCl l À1 (Table 1) . Optimal growth conditions were determined as 50 С, pH 7.4 and with 15 g NaCl l
À1
. No growth was observed at or below 20 С, pH 5.1, at or above 60 C, pH 9.5, and with 90 g NaCl l À1 . Growth of strain MBL-TLP T was not observed on a yeast extract-free medium. In the presence of yeast extract at 0.05 g l À1 , the strain fermented the following substrates (2 g l À1 ): glucose, xylose, maltose, cellobiose, sucrose, trehalose, fructose, xylose, dextrin, starch and xanthan gum. In the presence of an external electron acceptor, the strain could also grow on acetate (20 mM). Galactose, arabinose, lactose, cellulose (filter paper, amorphous, microcrystalline (Avicel) or carboxymethyl cellulose (CMC), dextran, pectin, chitin, xylan, alginate, lichenan, agarose, peptone, tryptone, gelatin, casein, feathers (2 g l À1 ) or methanol, ethanol, formate, pyruvate, fumarate, lactate, glycerol and propionate (20 mM) did not support the growth of isolate MBL-TLP T (Table 1) .
Potential electron acceptors were assessed with starch, yeast extract or acetate as the electron donors. Elemental sulfur (10 g l
), nitrate, thiosulfate, arsenate, selenate (10 mM each) and selenite (5 mM) were used as electron acceptors for growth of strain MBL-TLP T . Sulfur and thiosulfate were reduced to sulfide, nitrate to nitrite, arsenate to arsenite, and selenate or selenite to elemental selenium (Fig. S1 , available in the online Supplementary Material). Sulfate (10 mM), sulfite (5 mM), nitrite (2 mM) and ferrihydrite [90 mM Fe(III) l À1 ] were not reduced and did not support growth. While optimal growth of strain MBL-TLP T occurred in sodium sulfide-containing anaerobic medium, with starch as the substrate, it was able to grow in the presence of oxygen up to its atmospheric concentration (at that, growth at 2-5 %, v/v, of O 2 in the gas phase was better than at 21 %). Moreover, the strain was unable to grow on nonfermentable acetate at any oxygen concentrations. All this implies is that strain MBL-TLP T cannot use oxygen as an electron acceptor and should be regarded as an aerotolerant micro-organism.
Determination of cellular fatty acids was performed as described previously (Podosokorskaya et al., 2013) , by either retention time or mass spectra with R.Match values (Table 1) . Other fatty acids were present in low or trace amounts (<5 % of total fatty acid content) (Table S1 ). Polar lipids of strain MBL-TLP T were analysed as described previously (Slobodkina et al., 2013) with Tepidibacillus fermentans STGH T as a reference. Major polar lipid profiles of tested strains compared favourably and contained phosphatidylserine, phosphatidylglycerol, phosphatidylethanolamine and unidentified phospholipid PL1, which has a similar R f values of cardiolipin in Escherichia coli. Other unidentified minor lipids differed between the strains: there were several unknown lipids in MBL-TLP T with R f 1 value of 0.4-0.6 and R f 2 value of 0.2-0.3, unknown aminolipid with R f 1 and R f 2 of 0.1-0.2, unknown lipid with R f 1 and R f 2 of 0.7-0.8, whereas in T. fermentans STGH T there were an unknown aminolipid with R f 1 of 0.5-0.6 and R f 2 of 0.3-0.4, unknown lipid with R f 1 of 0.2 and R f 2 of approx. 0.3, and unknown phospholipid with R f 1 and R f 2 of 0.5-0.6 (Fig. S2 ).
Genomic DNA of strain MBL-TLP T was isolated according to the method of Tsai & Olson (1991) . The DNA G+C content of the strain was 35.4 mol% (calculated in silico using a 72-contig draft genome sequence of strain MBL-TLP T ; manuscript in preparation). The partial 16S rRNA gene sequence of strain MBL-TLP T (1412 nt) was determined as described previously (Perevalova et al., 2013) . A comparative analysis of 16S rRNA gene sequences of valid species using the EzTaxon-e server (Kim et al., 2012) revealed that the closest sequence belonged to T. fermentans STGH T (16S rRNA gene sequence identity was 97.1 %), the only validly published representative of the genus. T. fermentans STGH T was also isolated from a subsurface source -Severo-Stavropolskoye underground gas storage (Russia) at a depth of 800-1000 m and temperatures of 55-65 C (Slobodkina et al., 2013) . 16S rRNA gene sequence-based maximum-likelihood phylogenetic analysis of strain MBL-TLP T , T. fermentans STGH T and other representatives of the family Bacillaceae supported the affiliation of strain MBL-TLP T to the genus Tepidibacillus (Fig. 2) . Strains MBL-TLP T and T. fermentans STGH T are moderately thermophilic, motile, spore-forming rods able to reduce elemental sulfur, thiosulfate and nitrate in the course of anaerobic growth. Both are able to grow in the presence of oxygen; however, T. fermentans tolerates an oxygen concentration only up to 10 %, whereas the novel isolate tolerates atmospheric O 2 concentration. As the microbial mat from which strain MBL-TLP T was isolated developed under the flow of highly reduced anaerobic water but atmospheric oxygen, the possibility to tolerate high oxygen concentrations could be a serious competitive advantage for this anaerobic micro-organism.
The ability of strain MBL-TLP T to utilize polysaccharides (starch and xanthan gum) is another differential characteristic, possibly indicating the role of the strain as a primary organic matter destructor. It is also able to grow on cellobiose, sucrose, xylose and acetate, but does not utilize peptone or tryptone as substrates, again differentiating isolate MBL-TLP T from T. fermentans (Table 1 ). In contrast to T. Fig. 2 . 16S rRNA gene-based phylogenetic tree indicating the position of strain MBL-TLP T (bold type). The first 50 BLAST hits from the NCBI nucleotide nr/nt database with an option of limitation by sequences from type material were obtained and aligned in MAFFT (Katoh et al., 2002) , embedded into the Geneious 8.1 package. The evolutionary history was inferred by the maximum-likelihood method based on the General Time Reversible model (Nei & Kumar, 2000) using MEGA6 package (Tamura et al., 2013) . The tree with the highest log likelihood (À7873.4012) is shown. The percentage (of 1000 repetitions) of trees in which the associated taxa clustered together is shown next to the branches. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. Bar, 0.02 substitutions per site. The analysis involved 51 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 1342 positions in the final dataset. Evolutionary analyses were conducted. The Jeotgalibacillus lineage, containing three sequences (accession numbers NR 025716.1, NR 112057.1 and NR 025351.1), was used as an outgroup.
fermentans, the novel strain forms chains of cells, and differs based on temperature and salinity ranges for growth and by fatty acid composition (Table 1) . Thus, based on phylogenetic analysis as well as morphological, physiological and chemotaxonomic characteristics, we propose to assign the new isolate to a novel species, Tepidibacillus infernus sp. nov.
Emended description of the genus Tepidibacillus (Slobodkina et al., 2013) The description is based on that provided by Slobodkina et al. (2013) , with the following amendments. The genus contains species oxidizing organic substrates with nitrate, thiosulfate, elemental sulfur, arsenate, selenite or selenate as electron acceptors and fermenting mono-, di-and polysaccharides.
Description of Tepidibacillus infernus sp. nov.
Tepidibacillus infernus (in.fer'nus. L. masc. adj. infernus subsurface, referring to the origin of the type strain).
Cells are straight or curved rods 0.25-0.5 in width and 3-15 µm in length. Aerotolerant anaerobe. Moderate thermophile, growing at temperatures of 20-58 C with an optimum at 50 C, and pH range of 5.6-8.8, with an optimum at pH 7.4. Organotroph, generates energy by fermentation of glucose, xylose, maltose, cellobiose, sucrose, trehalose, fructose, xylose, dextrin, starch, xanthan gum and yeast extract, or by respiration with acetate, starch or yeast extract as electron donors, and elemental sulfur, thiosulfate, nitrate, arsenate, selenate or selenite as electron acceptors. Sulfate, sulfite, nitrite and ferrihydrite cannot serve as electron acceptors. Galactose, arabinose, lactose, cellulose, dextran, pectin, chitin, xylan, alginate, lichenan, agarose, peptone, tryptone, gelatin, casein, feathers, methanol, ethanol, formate, pyruvate, fumarate, lactate, glycerol and propionate do not support growth.
The type strain is MBL-TLP T (=DSM 28123 T =VKM В-2949 T ), which was isolated from a microbial mat of TauTona gold mine (South Africa). The DNA G+C content of the type strain is 35.4 mol%.
